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ABSTRACT 

The use of renewable energy has become imperative worldwide and thus wind energy is becoming attractive source of 
renewable energy. This reason has led to significant growth of wind-farms in recent years especially in developing 
countries like India. However, several limitations in context of failure of components are associated with its practical 
implementation. Considerable downtime has been noticed due to failure of major components in onshore wind turbines. 
This paper presents the application of Failure Mode Effect Analysis (FMEA) for calculating Risk Priority Number 
(RPN) and remedial measures have been suggested accordingly. A case study of 1000 MW capacity project set up under 
the flagship of Suzlon Wind Energy is presented. Most failure intensive component, Gear box, has been considered for 
application of FMEA. With the aim of improvement of availability and decline of RPN, suitable diagnostic and 
maintenance measures are presented. The RPN of a wind turbine system has been found to be very useful for the wind 
plant maintenance engineers. 
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1. INTRODUCTION 

Failure Modes and Effects Analysis (FMEA) is a procedure based on particular format for identifying, analyzing 
and averting component and system level problems before they occur. Hence, it is a widely used engineering 
approach which can be employed for eliminating foremost system failures [1], It is a step by step analysis of a sub¬ 
system or a system which is used to recognize probable failure modes, their causes, and the effects of these failures 
[2], Figure 1 depicts the process of FMEA. 

FMEA offers framework in terms of possible failure modes, failure effects and causes of failures 
intended at preventing failures [3]. FMEA is very beneficial on existing systems, sub-systems and 
components in context of safety hazards and forced outages [4,5]. The FMEA not only gives quantitative 
analysis for the systematic identification of possible causes and failure modes but also provides estimation 
of their relative risks [6]. 

Best quality and long term reliable products are the demand of the day by consumers. This increased 
demand leads the manufacturers to improve the quality and reliability through expensive testing and better 
techniques. FMEA is a methodology to examine problems related to reliability in the early stage of development, 
where it is easier to take appropriate actions. FMEA provides the manufacturer with the solution that can aid to 
offer safe, reliable and consumer satisfying products and procedures. 

NASA has the credit of onset of FMEA for failure prevention, prediction and reliability 
requirements in 1963. Later, it was acknowledged and widely executed by Ford Motor [7] in 1977. Since 
then, it has become a powerful tool for risk and reliability analysis of engineering systems in a wide range 
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of industries including automotive [8], foundry [9], manufacturing [10], nuclear [11], construction [12] and many 
more to mention. Initially, the FMEA should be used during the life cycle of a component to classify failures as 
the system deteriorates. Later on, learning from the experiences, it may be used at design stage to prevent vital 
failures [13]. 



Figure 1: Process of FMEA. 


2. TYPES OF FMEA 

There are numerous types of FMEA, viz-a-viz, System, Design, Process, Service and Software. Out of these, some types 
are used much more often than others. System and process FMEA are most likely used types of it and can be applied to 
each and every process unit in a way or so. Conducting FMEA on existing processes, sub-systems and components yields 
benefits as far as safety hazards and product forced outages or malfunctions are concerned. Many researchers have 
emphasized on the need of FMEA where failures produce major effect on the components [14]. FMEA can be 
implemented in a collaborative environment in one organization as a tool that can be used by all departments to assess 
failure modes and failure effects [15]. According to Keskin and Ozken, FMEA is a technique used in the manufacturing 
industry to improve production quality and productivity. It is a method that evaluates possible failures in the system, 
design, process or service. It aims to continuously improve and decrease these kinds of failure modes [16]. The various 
categories of FMEA are shown in Figure 2. 

• System : It mainly focuses on total system functions. 

• Software: It involves software related functions/problems. 

• Design : It targets design stage of component and subsystem. 

• Process : It involves mechanized and assemblage process. 

• Service : It is mainly related to service functions. 
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Figure 2: Types of FMEA. 


This paper throws light on the purpose of Failure Mode Effect Analysis (FMEA) for calculating Risk Priority 
Number (RPN) and remedial measures have been suggested accordingly. Wind turbine failure data from a selection of 
major studies in the literature has been compared and concluded that except the downtimes of gearboxes, other downtimes 
are not appreciable. The actual failure data collected in this case study is also in line with the observations of most of the 
researchers. That is why most failure intensive component. Gear box, has been considered for FMEA application. This 
investigation describes suitable diagnostic and maintenance procedures with the target of improvement of availability of 
wind turbine and decreasing RPN. 

3. PROCEDURAL STEPS FOR FMEA 

The basic steps to follow for FMEA are as follows: 

• First of all, explain the process and its working. It will help the engineer to identify the process uses which fall 
within or outside the proposed function. 

• Secondly, draw a block diagram for the whole process. It should include main parts of process connected by lines 
which specifies the relation between steps and components. 

• Next step is to complete the worksheet that includes product, system, sub-system, components, design, prepared 
by, etc. The headings can be modified according to the requirement. 

• Find out the main failure modes in which a component, sub-system, system process etc. fails to meet the desired 
output. One failure mode can cause failure in other components and all those failures should be listed in technical 
term. 
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• Explain the effects of failure modes and try to find out each and every effect possible due to a particular failure 
mode. 

• Detect the causes of each failure mode and numerical weightage is given to each cause that specifies probability 
of cause occurring from 1-10. 

• Calculate RPN as product of numerical severity, probability and detection rating 

• RPN= Occurrence (O) x Severity (S) x Detection (D) 

• Finally, recommend some actions to address potential failure that have a high RPN. This may include testing, 
quality procedures, charge in materials, operating conditions. After taking the action, re-assess the severity, 
probability & detection and review revised RPN. 

4. APPLICATION OF FMEA 

The application of FMEA technique has been described in this section. The most fault prone component has been found to 
be gearbox. Figure 3 depicts the vital reasons of failure of sub-components of gearbox i.e. gear and bearing. 







MICROP1TTING 
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PROFILE CRACKS 


FRETTING 
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Figure 3: Vital Reasons of Failure of Gearbox. 


The major reasons of failure of gear are found to be micropitting, cracking and scuffing. The main reasons of fault 
in bearing are overloading, fatigue bending, profile cracks and/or fretting corrosion. These reasons have been recorded 
from field data when failure data of a wind farm has been investigated. Figure 4 shows the percentage contribution of each 
of failure reason in total down time of gearbox over a period of one year. 
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5. FMEA WORKSHEETS 

Table 1 shows the FMEA worksheet for gearbox of wind turbine. This table gives elaborated description of both sub¬ 
components of gearbox i.e. gears and bearings. The function, failure mode, causes and effects of failure along with RPN 
has been mentioned in the table. FMEA starts with defining the Function of each chosen sub-system or component. It 
means defining the use of particular component in the system. Failure modes are the ways the component might fail. The 
next step is to specify all kind of reasonable causes that make a functional failure happen. Lastly, failure effect is defined as 
result of failure mode on function of the process. It describes what happens when each failure mode occur. 


Table 1: FMEA Worksheet for Gearbox 


Item 

Description 

Function 

Failure Mode 

Failure Cause 

Failure Effects 

0 

S 

D 

RPN 

GEAR 

The actual speed of 
rotor is low. Gear 
raises the speed to a 
high level to be fed 
to the induction 
generator. 

• Cracking/ 

• Grinding 

• Micropitting i.e. 
formation of very 
small, micro-scale pits 
or cavities on the 
contacting surfaces 

• Scuffing i.e. surface 
damage of sliding 
contact 

• Emergency stops and other transient turbine 
conditions. It may usually occur due to localized 
stresses caused by non-uniform or unequal 
transformation of load. 

• It occurs due to the surface distress caused by 
excessive stress or if lubrication film is not adequate to 
separate high-points which are known as asperities. It 
occurs on gear teeth. 

• Local frictional heating causes scuffing and 
deformation of plastic. 

Simple causes may lead 
to complex damage and 
ultimate discount - 
inuation of generation 
of power. 

8 

9 

6 

432 

BEARING 

Bearing 

supports the blades 
and rotor and 
transmits torque to 
the gearbox 

• Overload 

• Profile Cracks 

• Fatigue Bending 

• Fretting Corrosion 

• Common transients such as wind gusts, faults in the 
grid and braking. 

• Profile cracks naturally take place in the inner side of 
high speed bearing with age. 

• Fatigue Bending basically depends upon two structural 
requirements. If these are not met, blades fail 
prematurely. 

• Fretting Corrosion occurs between contacting surfaces. 
Fretting corrosion is caused either by vibration, or by 
the micro-motion i.e. when a bearings in the 
motionless turbine rock back and forth. It may also 
occur when these surfaces are pressed together and 
subject to cyclic and/or relative motion of small 
amplitude. 

Major Damage of 
Compo-nent. Tripping 

7 

8 

5 

280 
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After analysing failure mode, cause and effect thoroughly, the remedial measures have been suggested. The Table 
2 shows the possible remedial measures for different faults. The RPN number has also been calculated and it has been 
proposed that it decreases appreciably. 


Table 2: Remedial Measures for Gearbox and RPN 


Item 

Description 

Failure Mode 

Preventive Measures 

0 

S 

D 

RPN 

(Post 

FMEA) 

GEAR 

• Cracking/ 

• Grinding 

• Micropitting 

• Scuffing 

• The life of roller bearings (against cracks) canbe improved by selecting quality steel gears at design stage. 
By reducing hard insertions and stringers, manufacturers have minimized the probable spaces where 
cracks begin and spread. 

• The lubricant oil of high quality should be used. Its features rely upon gooeyness index, stickiness, 
dispense point and cost. Polyalkyleneglycol (PAG) lubricants have thick Elasto Hydrodynamic 
Lubrication (EHL) films and very good micropitting resistance. 

• There are two promising methods to reduce scuffing (i) surface finish up gradation and utilize stiff 
coatings, e.g. diamond-like carbon (DLC) coatings. (ii)Use ofpolished hardened and ground steel discs. 
Hence, the improvement in surface finish not only improves scuffing resistance, but also reduces contact 
friction and energy losses. 

5 

9 

6 

270 

BEARING 

• Overload 

• Profile 

Cracks 

• Fatigue 
Bending 

• Fretting 
Corrosion 

• Pitch control technology should be used in wind turbines which consist of sensors and electric motors 
instead of conventional hydraulic system. Sensors measure wind potential and accordingly changes 
blade’s angle of attack turning blades out of the wind. It provides safety against overloads. 

• Checkup for bearing profile cracks using ultrasonic probe testing or acoustic instruments, vibro-acoustic 
Modulation technique in particular. 

• Fatiguebending canbereducedby introducing smart multi-function structures which adopts structural 
health monitoring (SHM) including smart sensors, reinforced steel structures and data transmission 
facilities. 

• Time based maintenance methods should be incorporated. The relaxation in fasteners and bolted 
componentsshouldbecheckedafterfewhundredhoursofoperation. Spacers should be used to increase 
the length of the bolt which reduces fretting wears. Friction shims should be used to reduce friction 
between pressing surfaces. Regular checking and lubrication is must, as it reduces fretting. X-ray 
diffraction is a method to check samples for presence of fretting but it is a costly affair. 

5 

8 

5 

200 


6. RESULTS 


The preventive measures for gear and bearing has been suggested in Table 2 corresponding to each type of failure mode. 
Risk priority number has been calculated based on provided values occurrence, severity and detection by the maintenance 
department. Figure 5 shows the comparison of three different factors involved in RPN i.e. occurrence, severity and 
detection before and after FMEA. Good improvement has been noticed in occurrence of particular faults after FMEA. 



Figure 5: Occurrence, Severity & Detection Before and After FMEA for Gear. 
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Similarly Figure 6 shows comparison of Occurrence, Severity & Detection before and after FMEA for Bearing. 
Here also, moderate reduction of occurrence of particular faults in bearing has been noticed. 



Figure 7 indicates the final result which is comparison of risk priority number (RPN) pre and post FMEA for both 
the sub-components. Indubiously, RPN number has decreased to 270 against 432 for gear. For bearing, it has reduced to 
200 against initial number of 280. Reduction in RPN, straightforwardly, indicates the decrease of possibility of failures. 



Figure 7: Comparison of RPN Pre and Post FMEA for Gear and Bearing. 


This factor can also be depicted in terms of availability. The reduction of RPN means system will be more 
available. These results have been found in line with the findings of the other researchers also. 
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7. CONCLUSIONS 

FMEA is basically meant for supporting the maintenance engineers to enhance the reliability and availability of the system. 
The purpose of this paper is to show the practical applicability of FMEA which provides early identification of failures, 
removal of probable component failure modes, problem anticipation, and improved testing and development. Basic FMEA 
format has been proposed to the wind plant with remedial measures for various causes of failures of gear and bearing. Risk 
priority number has been calculated pre and post FMEA. Based on the remedial measure suggested, the proposed RPN has 
shown appreciable decline. This work encourages more research content and possibilities of exploring other components in 
same pattern for risk assessment. 
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